a result of allelic variation in known crossveinless genes. Similarly, Gibson and Hogness [7] showed by monitoring marker frequencies in response to artificial selection that variation at the Ultrabithorax locus contributes to cryptic variation for bithorax phenocopies. These stud- ground, the CA population had a greater variance of
), in two different genetic backgrounds to a panel of 210 near-A considerable body of evolutionary theory addresses isogenic wild-type lines from populations in North Carothe impact of variation for mutational effects on the lina (NC) and California (CA). Egfr E1 has been shown to trajectory of new alleles in natural populations, but surincrease the average number of photoreceptor cells in prisingly little attention has been given to the potential each ommatidium [15] , and crossing this allele to inbred impact of standing hidden, or cryptic, variation on phelines reveals considerable genetic variation for this phenotypic evolution [2] . Cryptic genetic variation is genetic notype [16] . The expressivity of the rough-eye phenovariation for phenotypes not observed under most contype due to extra EGFR signaling in developing ommaditions. However, given specific environmental or getidia is strongly modified by genetic factors, resulting in a netic backgrounds, phenotypes can be sensitized so as range of phenotypes from almost complete suppression to express phenotypic variation, and this variation has ground, the CA population had a greater variance of the negative logarithm of the p value associated with the type III sum of squares F ratio for the genotype term in an ANOVA, so that highly significant sites appear as peaks. Terms involving population were included in the model to control for any possible genetic differentiation between the flies in California (CA) and North Carolina (NC). Only one cluster of sites exceeds the Bonferroni threshold of 0.0002 for each cross and sex, but it does so in both sexes for BL-1564, and this cluster also supplies the strongest peak in the much less variable BL-5144 cross. In addition, several of the weaker associations appear in at least one sex of both crosses. A full ANOVA model including cross, sex, and interaction terms as described in the Experimental Procedures section confirmed the potential significance of several of these sites. Owing to the difference in variance of the phenotype between the two crosses, much of the genotype effect is absorbed into the cross ϫ genotype interaction effect. After Bonferroni correction [17] , ten sites with Ϫlog 10 (p ) Ͼ 3.7 are nominally significant at the 0.05 level for cross ϫ genotype interaction, including the cluster of three sites in very strong linkage disequilibrium at positions 8535, 8541, and 8697 in the sequenced region ( Figure 1B) . We also performed the analysis for each population (CA and NC) separately and observed the same qualitative pattern for these sites. This analysis identifies a set of candidate sites that may contribute to variation for photoreceptor determination and suggests that significance in the BL-5144 cross is masked by the unpublished data), but even weak LD can induce some similarity in association statistics. Figure 2A shows the relationship between LD and association significance eye phenotypes than the NC population; and (4) line at the 3Ј end of Egfr. Sites 8535, 8541, and 8697 are differences account for approximately 50% of the phein almost complete LD, and there is no resolution to notypic variation within each sex and population (Table  determine which of the SNPs in this block is causative S1). Genetic correlation across sex for both crosses was with respect to the association with phenotypic variation in the range of 0.7-0.8, while correlation between the (if indeed it is a single site). On the other hand, site crosses was greater than 0.45, further confirming the 8196 is 350 bp 5Ј to this significant cluster and shows large heritable component of hidden variation affecting a moderate amount of LD with it. Interestingly, there are EGFR activity in the eye.
four sites at intermediate frequency in between 8196 and the cluster at 8535 that show neither association SNPs in Egfr Contribute to the Eye-Roughness nor significant LD. Thus, it is unlikely that LD (and the Phenotype association) is maintained solely due to physical proximDo polymorphisms in Egfr contribute to hidden variation ity to the cluster. The significance of the site 8196 associfor eye roughness? To assess this, we monitored the ation drops considerably when the test is conditioned significance of associations between each of 275 bialon the association with site 8697, suggesting that it does lelic sites and the eye-roughness score. Figure 1A shows not affect eye roughness alone. By contrast, site 9633 a plot of significance against position in a 5Ј to 3Ј direcis almost 1 kb 3Ј to site 8697 and shows no LD with it, tion for each SNP for the cross to BL-1564 above the nor are its effects conditional upon those of the other abscissa and to BL-5144 below it, with females in solid significant sites. We also tested for an epistatic interaction between lines and males, dashed. Significance is indicated as Figure 2B , the effect of substituting T for C in site 8697 is highly dependent upon whether a C or G is present score ϭ 2.22, G average score ϭ 2.44) is the same as that observed in the near isogenic lines. Similarly, the at site 8196. The two-SNP haplotype formed by this pair of sites yielded the most significant haplotype associaeffects of the other three sites are consistent with the original data. A log-linear analysis confirmed the signifition between the Egfr and eye roughness in the BL-1564 cross (p ϭ 3.7 ϫ 10 Ϫ7 ). Furthermore, the LD between cance of the site 8697 association (p ϭ 0.02) but failed to find any evidence for interaction between the sites these two sites has the effect of reducing the number of flies with perturbed eye development, since the two or for an enhanced haplotype effect. The transmission-disequilibrium (TDT) test assesses less-active haplotypes, TC and GT, are observed in 160 lines rather than the 100 that would be expected under whether heterozygous parents transmit the two alleles with equal frequency to affected (or unaffected) progeny linkage equilibrium. [19, 27] . Since fewer than half of the parents of affected individuals are expected to be heterozygotes, sample Replication of the Associations in a Large Outbred Population These results demonstrate that the molecular basis for hidden variation can be dissected to the nucleotide level in highly inbred lines raised under controlled laboratory conditions. Rather than directly replicating the study with a new set of lines, we chose to test for association in a large outbred population. One thousand freshly caught wild-type males from the NC location were mated to virgin females of the BL-1564 Egfr E1 /SM1,Cy strain. NonCy (straight-winged) male progeny of this cross were scored for eye roughness, and a single male with a score of 0 or 5, corresponding approximately to the top and bottom 15% of the phenotypic distribution, was selected for genotyping along with the father of the cross that produced the extreme offspring. Case-control [18] and transmission-disequilibrium tests [19] were then performed on this data. the Egfr E1 haplotype present on the opposite chromo- sizes for each test were quite small even though we 0.002) from the null model in favor of perturbed eye development. This result was not replicated in males, started with 1000 crosses. Despite this, all of the transmission ratios in the smooth and rough-eye progeny but after adding 275 rare polymorphisms (mainly singletons and doubletons) to the collection of 275 common were in the expected direction, and site 8196 was marginally significant in the smooth-eyed sample, as shown polymorphisms that were tested for association, both sexes were significant at p Ͻ 10 Ϫ7 . The case-control in Table 1 . Almost twice as many flies with suppressed EGFR signaling received the T allele at site 8196 than the data shown in Figure 3 is also consistent with this prediction for the significant sites, as the frequency of the less-G allele, whereas equal numbers of flies with enhanced activity had these two alleles. Thus, the TDT and casecommon allele is always higher among individuals from the "rough" eye class as compared to the "wild-type" control tests complement one another with respect to which sites show significance and were always consisclass. One concern with this test is that it does not take nonindependence due to LD into account. Finally, three tent with respect to the direction of effects.
Our approach to replication demonstrates that tests lines in the NC population were found to have a pogo element inserted 253 bp upstream of exon 1, and a that are commonly used in human epidemiological genetics can be adapted for use in evolutionary and quantisignificant cross ϫ genotype term (p ϭ 0.0008, ANOVA) for this polymorphism suggests strong enhancement tative genetics. However, the benefits of the various tests should be considered with respect to such issues of the effect of the BL-1564 background on the eye phenotype (mean pogo eye score 3.26 versus 2.32 for as population structure, sample size, and genotyping costs. In model systems such as D. melanogaster, ge-BL-1564, 1.92 versus 1.62 for BL-5144). There was no evidence to suggest that the main associations were netic manipulations can be used to control for both unwanted environmental and genetic variation [20, 21] . due to LD between the pogo element and the putative causal SNPs given both the rapid breakdown of LD and However, approaches involving several generations of crosses may not be suitable or desirable for studying the low frequency of the element. natural genetic variation in many systems. They are expensive due to the large amount of animal or plant husSNPs and Phenotypic Evolution bandry involved, and few organisms afford the opportuSince LD is minimal in Egfr and given that we have nity for inbreeding or establishment of large-scale sampled every polymorphic site in the sequenced recontrolled crosses. The case-control and TD tests progion, our experimental design promotes the interpretavide alternatives that can be performed both with field tion that the sites showing highly significant associaand laboratory populations. The family of TDTs are partions are the actual sites responsible for the effect. ticularly useful with regard to controlling for population Identification of the exact sites that contribute to phenostructure [22, 23] . These tests are not necessarily practitypic variation allows us to ask further questions with cal for initial screening, but once a set of candidate regard to the evolutionary forces acting upon this gene SNPs are in hand, they can provide independent verificaand this phenotype. One question that is especially pertion with minimal effort and cost. tinent is whether the genetic architecture of cryptic variation is similar to that observed for other morphological traits [24] . We previously used QTL mapping [25] to A Test for Mutation-Selection Balance Under a mutation-selection balance model, an excess identify a large-effect modifier of the Ultrabithorax homeotic phenotype but show here that relatively small of the rare alleles should be deleterious, which in our assay would correspond to a tendency to promote eceffect modifiers of developmental mutations can also be uncovered. An analysis of association between SNPs topic photoreceptor formation. As a weak test of this hypothesis, we performed a sign test on the number of in Egfr and natural genetic variation for wing shape in the same inbred lines described here identified a distinct the less-common alleles that were associated with an increase or decrease in eye roughness. For BL-1564, set of polymorphisms that show association for these different traits (A.P. and G.G., unpublished data) . Whether females showed a significant deviation ( 2 test, p ϭ 
